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Fermi surface of heavy electron systems plays a funda-
mental role in understanding their variety of puzzling
phenomena, for example, quantum criticality, strange
metal behavior, unconventional superconductivity and
even enigmatic phases with yet unknown order pa-
rameters. The spectroscopy measurement of typical
heavy fermion superconductor CeCoIn5 has demon-
strated multi-Fermi surface structure, which has not
been in detail studied theoretically in a model system
like the Kondo-Heisenberg model. In this work, we
make a step toward such an issue with revisiting the
Kondo-Heisenberg model. It is surprising to find that
the usual self-consistent calculation cannot reproduced
the fermionology of the experimental observation of the
system due to the unfounded sign binding between the
hopping of the conduction electrons and the mean-field
valence-bond order.
To overcome such inconsistency, we assume that the sign
binding should be relaxed and the mean-field valence-
bond order can be considered as a free/fit parameter so as
to meet with real-life experiments. Given the fermionol-
ogy, the calculated effective mass enhancement, entropy,
superfluid density and Knight shift are all in qualita-
tive agreement with the experimental results of CeCoIn5,
which confirms our assumption. Our result supports a
dx2−y2-wave pairing structure in heavy fermion material
CeCoIn5. In addition, we have also provided the scan-
ning tunneling microscopy (STM) spectra of the system,
which is able to be tested by the present STM experi-
ments.
Copyright line will be provided by the publisher
1 Introduction Elucidating the structure of Fermi
surface is a key step to understanding the nature of strongly
correlated electron systems. Experimentally, the Fermi
surface can be measured by powerful spectroscopy tech-
niques, e.g. angle-resolved photoemission spectroscopy
(ARPES) and quasiparticle interference (QPI) of scanning
tunneling microscopy (STM),[1,2,3] which provide large
number of direct information on the fermionology of high
temperature superconducting cuprate and pnitidate.[4,5,
6,7,8] Recently, these state-of-art techniques has been
successfully used to probe local/momentum space elec-
tronic structure of several heavy fermion compounds, such
as URu2Si2, YbRh2Si2 and CeCoIn5.[9,10,11,12,13,14,
15,16] Particularly, for the quasi-two-dimensional heavy
fermion superconductor CeCoIn5,[17,19] both ARPES
and QPI experiments reveal a hole-like Fermi pocket
around (0, 0) and one or more electron-like ones centered
at (π, π) above the superconducting critical temperature
Tc ∼ 2.3K. [9,10,13,16]
However, many previous works [20,21,22,23,24,25,
26] have focused on the case with a single large Fermi
surface around (π, π), which is obviously inconsistent
with the fermionology of the experimentally observation
of the systems, like CeCoIn5. This motivates us to check
the physics involved multi-Fermi surface. Theoretically,
the Kondo lattice or Kondo-Heisenberg model [27,28]
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is believed to be able to capture generic Fermi surface
structure of such system, which originates from Kondo
hybridization between conduction electron sea and lo-
cal spins.[29,30,31,57,33] In addition, the short-ranged
magnetic interaction, which results from the well-known
Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange inter-
action, is also able to lead to more complicated topology of
Fermi surface and even to induce radical change of Fermi
surface, namely the Lifshitz transition.[22,23,24,26]
With the well-established large-N mean-field theory,
we find that the self-consistent solution of mean-field equa-
tions is unlikely to give rise to the desirable multi-Fermi
surface structure due to an unexpected and unfound previ-
ously sign binding, namely, the sign of valence bond or-
der (kinetic energy) of local spins is locked into the sign
of conduction electron hopping t. Surprisingly, such sign
binding is also true in other many-body models and we
guess that such sign binding is an universal feature in
the fermionic large-N mean-field theory, although a gen-
eral proof is absent but for a simple quantum XY model
the analytical result is provided (see Appendix). This fea-
ture has not been noticed in previous studies and is a new
finding of the present paper. Therefore, we have to relax
the self-consistency of valence bond order, which actually
leads to well-defined electron and hole Fermi surface with-
out elaborate tuning. We should emphasize that valence
bond order is also treated as an external free parameter
or fitting parameter in the recent experimental analysis on
momentum space structure of normal and superconduct-
ing states for CeCoIn5.[14,16] Importantly, the calculated
Fermi surface is qualitative similar to the findings in spec-
troscopy experiments, thus confirms the validity of our the-
oretical model calculation and physical arguments. Inter-
estingly, the calculated effective mass is well consistent
with the quantum oscillation measurement in CeCoIn5.
Furthermore, for the given fermionology, we calculate the
entropy, superfluid density and Knight shift in the possible
unconventional superconducting state, which are in qual-
itative agreement with those experimental observations in
heavy fermion superconductor CeCoIn5. The well agree-
ment with those experiments verifies the rationality of our
core assumption that the valence-bond order can be consid-
ered as a free parameter, which gives the observed disper-
sion of local electrons.[14] In addition, we also provide the
STM spectra of this two-band system, which shows crucial
quantum interference effect between conduction and local
electron paths. The lineshape of STM differential conduc-
tance shows characteristic Fano resonance when tunneling
is dominated by conduction electrons while a large zero
energy peak appears if local electrons are more active. We
hope that the present work may be helpful for further un-
derstanding on the complicated Fermi surface topology of
heavy electron systems and the corresponding anomalous
behaviors.
The remainder of this paper is organized as follows. In
Sec. 2, we first introduce the Kondo-Heisenberg model on
the square lattice and the corresponding mean-field equa-
tions are derived. Then Sec. 3 is devoted to the mean-field
solution. It is found that we have to treat valence bond or-
der as a free parameter so as to realize the multi-Fermi sur-
face structure. In Sec. 4, some physical quantities like en-
ergy gap, entropy, and superfluid density are calculated in
the superconducting state and compared qualitatively with
the experimental observations. In Sec. 5, the STM spectra
are presented, and we focus on the quantum interference
effect between conduction and local electrons. In Sec. 6,
we make some interesting extensions on non-Fermi liquid
normal state and the issue on superfluid density. Finally,
Sec. 7 is devoted to a brief conclusion.
2 Kondo-Heisenberg model The Kondo-Heisenberg
model we considered is standard, which reads,[22,27]
H =
∑
kσ
εkc
†
kσckσ + JK
∑
i
Sci · S
f
i + JH
∑
<i,j>
Sfi · S
f
j
where the conduction electron has energy spectrum εk =
−2t(cos kx + cos ky) + 4t
′ cos kx cos ky − µ with chem-
ical potential µ. The local spins are denoted by fermionic
representation Sfi = 12
∑
σσ′ f
†
iστσσ′fiσ′ with τ being the
standard Pauli matrices. In addition, the local constraint∑
σ f
†
iσfiσ = 1 should be fulfilled at each site to pro-
hibit any charge fluctuation. Physically, this Hamiltonian
describes two competing tendencies: One is the Kondo
screening, which leads to the formation of collective spin-
singlet state among local moments and conduction elec-
trons. The other is the short-ranged antiferromagnetic fluc-
tuation reflected by the explicitly introduced Heisenberg
interaction between local moments. The complicated phe-
nomena in diverse heavy electron systems is believed to
be captured by these two active factors. Usually, to get the
qualitatively correct information in the paramagnetic heavy
fermion liquid state, the fermionic large-N or slave-boson
mean-field theory is widely utilized.[34,35] Here, we will
follow the treatment of the fermionic large-N mean-field
theory to get an effective Hamiltonian. However, we should
emphasize that similar effective Hamiltonian can also be
obtained from more phenomenological Fermi liquid as-
sumption. Therefore, in some sense, when facing to real-
istic experimental data, the effective Hamiltonian is more
useful than the original microscopic model and any pa-
rameter in the effective Hamiltonian should be treated as
effective parameters rather than mean-field parameters or
microscopic parameters. We will hold this point if compar-
ing with experiments is involved in the remaining parts of
this paper.
After performing the standard large-N mean-field
approximation,[4,22] the resultant Hamiltonian reads
H =
∑
kσ
[εkc
†
kσckσ + χkf
†
kσfkσ +
JKV
2
(c†kσfkσ + f
†
kσckσ)]
+E0. (1)
Here, local spins acquire dissipation χk = JHχηk+λwith
ηk = cos kx+cosky due to the formation of valence-bond
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order χ =
∑
σ〈f
†
iσfjσ〉. Physically, such valence-bond
order reflects the quantum dynamics of local spins, which
competes with magnetic long-ranged order. Lagrangian
multiplier λ is introduced to impose the local constraint on
average. Meanwhile, Kondo screening effect is encoded by
the hybridization between conduction electron and local
spins via V = −
∑
σ〈c
†
iσfjσ〉. In addition, there is a con-
stant energy shift E0 = Ns[JKV 2/2 + JHχ2 − λ+ µnc]
with the number of lattice sites Ns and the occupied num-
ber of nc of conduction electrons. This constant energy
should be added when free energy or ground-state energy
is considered.
In previous studies,[22,23,24,26,20,21,25] a large
Fermi surface around (π, π) is discovered and the in-
creasing of Heisenberg interaction JH leads to appearance
of several small Fermi pockets. However, no hole-like
Fermi surface emerges around (0, 0), thus it is unable to
contact with the spectroscopy experiments on quasi-two-
dimensional heavy fermion superconductor CeCoIn5.[9,
10,13,16] But, it is easy to see that if the hopping pa-
rameter t of conduction electron is negative, the desirable
hole-like Fermi surface can be obtained. In contrast, if a
positive t is used, as done in previous works, [22,23,24,
26,20,21,25] one can obtain a large Fermi surface around
(π, π). Therefore, throughout the present paper, we only
consider the case of t < 0.
2.1 Mean-field equations The mean-field Hamilto-
nian of Eq. (1) can be diagonalized by the following trans-
formation,
ckσ = αkAkσ − βkBkσ
fkσ = βkAkσ + αkBkσ (2)
with α2k = 12 (1 +
εk−χk
E0k
), β2k =
1
2
(1 − εk−χkE0k )
and αkβk = JKV2E0k . Here, we have defined E0k =√
(εk − χk)2 + (JKV )2.
Then, the original Hamiltonian Eq. (1) reads
H =
∑
kσ
[E+k A
†
kσAkσ + E
−
k B
†
kσBkσ] + E0, (3)
where the quasiparticle energy E±k =
1
2
(εk + χk ± E0k).
So, the corresponding free energy is
F = −2T
∑
k
[ln(1 + eE
+
k
/T ) + ln(1 + eE
−
k
/T )] + E0 (4)
and four self-consistent equations are derived from the con-
dition ∂F∂V =
∂F
∂χ =
∂F
∂λ =
∂F
∂µ = 0.
JK
∑
k
fF (E
+
k )− fF (E
−
k )
E0k
= −1
∑
k
ηk(α
2
kfF (E
−
k ) + β
2
kfF (E
+
k )) = −χ
2
∑
k
(α2kfF (E
−
k ) + β
2
kfF (E
+
k )) = 1
2
∑
k
(α2kfF (E
+
k ) + β
2
kfF (E
−
k )) = nc, (5)
JH = 0.1
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Figure 1 Evolution of Fermi surface with increasing
JH = 0.1, 0.2, 0.3, 0.4. Only hole-like Fermi surface
pockets have been obtained in self-consistent calculations.
where fF (x) denotes the Fermi distribution function.
2.2 Self-consistent solution and sign binding
With self-consistent equations in hand, it is ready to obtain
some useful physical quantities like the structure of Fermi
surface. Here, we plot evolution of Fermi surface with
increasing JH in Fig.1. Without loss of generality, the pa-
rameters are setting to t = −1, t′ = −0.3, JK = 2, nc =
0.9, T = 0.001 and JH = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6. Thus,
the studied system is well inside the Kondo-screened
regime where magnetic fluctuations and the resulting
corrections to the mean-field level are expected to be
weak.[34,36] Other cases with different doping level
like nc = 0.8, 0.85, 0.95 are checked and no qualita-
tive changes appear. Apparently, from Fig. 1, one can
see that generally there is no hole-like Fermi surface
emerges around (0, 0) if the short-ranged antiferromag-
netic (Heisenberg) interaction is involved. In other words,
the Heisenberg interaction breaks the hole-like Fermi
pocket at (0, 0) into four small hole Fermi surface around
(π, 0) and its equivalent points. Furthermore, no electron-
like Fermi surface emerges near (π, 0), which is contrast
to the existing experimental data of CeCoIn5.
Actually, these unpleasant results are caused by the
mismatch between the sign of hopping t and the valence
bond order χ as what can be seen in Fig. 2. In Fig. 2, the
left one shows the quasiparticle band with χ > 0 and a
hole and electron-like Fermi surface are clearly observed.
In contrast, if χ < 0, which has the same sigh as t ,it is
not possible to have both a hole and electron-like Fermi
surface. It should be emphasized that the former case is
obtained if we treat χ as a free parameter, which may be
determined by weak hopping of local electrons, rather than
Copyright line will be provided by the publisher
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Figure 2 The hybridization quasiparticle band (blue and
green solid lines) for χ > 0 (left) versus χ < 0 (right)
along the direction (0, 0) to (π, π). The dashed lines repre-
sent the bare bands of the local and conduction electrons.
For χ > 0 it is possible to obtain both hole- and electron-
like fermi pockets, which is in contrast to that of χ < 0.
a self-consistent mean-field parameter as in the latter case.
More importantly, we have searched a large number of pa-
rameters to find solutions with a positive valence bond or-
der but it turns out that the sign binding sgn(t) = sgn(χ)
is always true if χ is self-consistently determined by mean-
field equations. We should emphasize that this feature is
not noticed in previous studies and is a new finding of the
present paper. Therefore, we have to conclude that if we
want to reproduce the observed multi-Fermi surface struc-
ture, the self-consistency of valence bond order χ has to be
relax, which means χ is just an external free parameter like
t and JH .
As a matter of fact, the valence bond order χ, which
gives the local electron dispersion, is also treated as an ex-
ternal free parameter or fitting parameter in recent experi-
mental analysis on momentum space structure of normal
and superconducting states for CeCoIn5.[14,16] In their
work, the Hamiltonian Eq.1 is from a conceived extended
Kondo-Heisenberg model, where the Heisenberg-like in-
teraction results from the fitting to the observed quasipar-
ticle energy band and quasiparticle interference pattern. In
their perspective, the dispersion of local electrons should
result from the non-local RKKY exchange interaction and
is an essential element to understand the observed renor-
malized quasiparticle band. Above all, they think that the
origin of the dispersion of local electrons is intrinsic at
least in materials like CeCoIn5 and should not be consid-
ered as an induced effect from true order like valence bond
order.[14,16] Therefore, we may considerχ as a free/fit pa-
rameter, which reflects the weak but important dispersion
of local electrons. Without this dispersion, the multi-Fermi
surface is unable to be obtained as what can be seen in the
next section.
3 Fermi surface with positive valence bond or-
der As discussed in last section, due to the unwanted sign
structure, we have to relax the self-consistency of χ, thus
only three mean-field equations are needed in stead of four.
Then, we plot the structure of Fermi surface with typical
parameters t = −1, t′ = −0.3, JK = 2, nc = 0.9, T =
0.001, χ = 0.2222 and JH = 0.2, 0.4, 0.6, 0.7 in Fig.3.
[We use χ = 0.2222 here since in the mean-field solution,
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Figure 3 The evolution of Fermi surface with increasing
JH = 0.2, 0.4, 0.6, 0.7.
this value is generically valid versus different doping level
and Heisenberg interaction. ]
When JH = 0.2, a small hole Fermi surface appears
around (0, 0), which is reminiscent of the bare conduc-
tion electron band εk. Note that the hole Fermi surface is
formed when E−k band crosses the Fermi energy. Then,
if we further increase the strength of Heisenberg inter-
action, the quasiparticle E+k band starts to drop into the
filled Fermi sea and the electron-like Fermi surface cen-
tered (π, π) emerges when JH > 0.291, which signals a
radical change of topology of Fermi surface, the Lifshitz
transition.[22] It should be noted that such transition can-
not be described by conventional Landau order parameter.
But as seen in Fig. 4, the effective mass m∗ of quasipar-
ticle, which is proportional to the weigh-factor β2k aver-
aged over all points on Fermi surface, and the ground-
state energy Eg provide an explicit signal for such fea-
tureless quantum phase transition. Interestingly, the calcu-
lated effective mass ranged from 8 to 12 times bare elec-
tron mass is well consistent with the quantum oscillation
measurement (from 9 to 20 times bare electron mass) in
CeCoIn5 at its normal state.[38] Moreover, the Lifshitz
transition here is first-order since the the first-order deriva-
tive of the ground-state energy Eg at phase transition point
JH = 0.291 is obviously discontinues. As for realistic
heavy fermion materials, Lifshitz transition, which could
be driven by external applied magnetic or pressure,[56]
should be manifested in both transport measurement like
Hall coefficient and in direct imaging by photoemission
spectroscopy.
Therefore, we may summarize that generically a posi-
tive valence bond order leads to two Fermi surface struc-
ture, which is qualitatively similar to the experimentally
Copyright line will be provided by the publisher
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Figure 4 The quasiparticle effective massm∗ and ground-
state energyEg versus JH imply a first-order Lifshitz tran-
sition at JH = 0.291.
observed results in ARPES and QPI.[9,10,13,16] And the
corresponding effective mass enhancement agrees with
the quantum oscillation experiment. Although the realis-
tic Fermi surface of CeCoIn5 is more complicated than
our simplified theoretical consideration, the finding here is
helpful to give more insight into this exotic heavy fermion
superconductor.
4 Observables in possible superconducting
state After obtained qualitatively the correct fermionol-
ogy of the Kondo-Heisenberg model, it is interesting to
check the physical quantities based on the multi-fermi
surface topology in the possible superconducting state
since the topology of the Fermi surface plays a funda-
mental role in determining the physical properties of the
system. This study is also realistic since CeCoIn5 has
a superconducting instability below 2.3K. Motivated by
the observation that the main contribution comes from
the electron Fermi surface centered (π, π),[14,15,16] the
extended s-wave pairing structure is not favored since it
requires more active bands to cancel out the repulsive in-
teraction in intra-band.[39] Therefore, we can safely focus
on the other pairing symmetry, i.e. the dx2−y2 allowed by
the symmetry of square lattice.[40] (A recent dynamical
cluster approximation study also finds the clue of dx2−y2-
wave in the frustrated two-dimensional periodic Anderson
model.[41]) For the present Kondo-Heisenberg model, it
has been proposed that the Heisenberg term can induce
the pairing between conduction electrons via the pairing of
local spins.[42,42,43] Here, we will follow their formal-
ism and only present basic formula, details on mean-field
equations can be found in Ref.[42].
Like the resonance-valence-bond (RVB) theory for su-
perconductivity in t− J-like model,[44,45] the pairing of
local spins contributes a pairing term JH
∑
k∆k(f
†
k↑f
†
−k↓+
f−k↓fk↑) with ∆k = ∆γk with γk = cos(kx) − cos(ky)
into the Hamiltonian Eq.1. As an example, the evolutions
of order parameters, thermodynamic entropy and super-
fluid density versus temperature are shown in Figs. 5,6 and
7 with JH = 0.6.
From Fig. 5, the pairing strength shows the usual BCS
mean-field behavior versus temperature. Although the pair-
ing strength of local spins ∆ is rather large compared to
0 0.05 0.1 0.15 0.2
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
T
∆
∆
sc
Figure 5 The pairing strength of local spins (∆) and con-
duction electron (∆sc) versus temperature T.
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Figure 6 (Left) The calculated thermodynamic entropy
S(T ) of the superconducting state versus temperature T.
(Right) Entropy in the superconducting states for CeCoIn5
in Ref.[17].
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Figure 7 (Left) Calculated normalized superfluid den-
sity ρs(T )/ρs(0) in the superconducting state versus T .
(Right) The normalized superfluid density ρs(T )/ρs(0) of
CeCoIn5 in Ref.[47].
the band width ∼ 4t, the more realistic pairing strength
of conduction electron ∆sc (∆sc = 〈
∑
k γkc−k↓ck↑〉) has
much lower value, which is consistent with the exponential
dependence on band width ∆sc ∼ JHe−t/JH . Here, the
prefactor JH reflects that the effective pairing is induced
by the short-range magnetic fluctuation of Heisenberg ex-
change interaction. Besides, we find that the dimension-
less quantity, which suggests whether the considered state
is a strong coupled superconductor, is 2JH∆/Tc = 5.4
and 2JH∆sc/Tc = 0.9. These values imply that for the
conduction electron, the system is a weakly coupled super-
conductor since the pairing is first formed by local elec-
Copyright line will be provided by the publisher
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trons and then the Kondo hybridization drives the pairing
between conduction electrons. While for local electron,
a strongly coupled one is expected due to the performed
spin singlet in the RVB background. In heavy fermion su-
perconductor CeCoIn5, two pairing strength/gap (∆1 ≪
∆2 ≃ 0.6 meV) have been confirmed,[19] and if we con-
sider ∆sc and ∆ play the role of ∆1 and ∆2, the supercon-
ducting instability of CeCoIn5 may be driven by the pair-
ing of local electron with ”proximity effect” to conduction
electron. Similar proximity effect has been suggested as an
essential elements in the electron-doped cuparte high tem-
perature superconductor.[46]
The behavior of thermodynamic entropy and superfluid
density is obviously consistent with the standard predic-
tion of dx2−y2 -wave. Specifically, the quadratic behavior
on temperature for low temperature entropy is similar to
the finding in original measurement on CeCoIn5 as shown
in Fig.6.[17] Clearly, such quadratic behavior is due to the
gapless nodal quasiparticle from the underlying Fermi sur-
face as studied in last section. Meanwhile, it can be seen
from Fig.7 that the linear in temperature behavior of super-
fluid density is also confirmed by the microwave surface
impedance measurements in Ref.[47] though more puz-
zling and controversial power-law behavior exists.[48,49]
[Such issue may be resolved if the effective mass effect is
isolated from the total superfluid density as discussed in
Sec.6.] It is noted that although the system has two super-
conducting band E±k , the superfluid density dose not show
the intrinsic upward curvature, which is a generic feature
of a weakly coupled two-bands system, as first pointed out
in Ref.[50] for cuprate superconductor. The reason of this
difference is that the upward curvature only occurs when
the assumed two bands have different critical temperature.
However, there is only one critical temperature in our case,
thus there is no need to use a weakly coupled two-band
picture for our model. For the case of CeCoIn5, the intrin-
sic upward curvature is not observed in London penetration
depth measurement,[47,48] which is correctly covered by
our above theoretical calculation and indicates that an ef-
fective single-band picture may be useful for understand-
ing some properties in superconducting states.
Moreover,the temperature dependent Knight shift K is
shown in Fig.8, whose linear temperature behaviour is con-
sistent with the prediction of nodal d-wave pairing and ex-
perimental measurement in Ref.[51].
5 STM spectra and quantum interference effect
Since recent STM measurement on heavy fermion com-
pounds has provided much invaluable information on the
quasiparticle excitation both in normal and superconduct-
ing states,[11,12,13,14,15,16] in this section, we proceed
to study the STM spectra of the present model.[52,53,54,
55,56] Following Ref. [54], the zero temperature differen-
tial conductance can be obtained as
dI
dV
= N(ω) =
2e2
h¯
[t2cNcc(ω) + t
2
fNff(ω) + 2tctfNfc(ω)],(6)
0 1 2 3
0
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1
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T
K
(T
)
Figure 8 The Knight shift K(T ) versus T in supercon-
ducting state.
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Figure 9 The STM spectrum for single hole Fermi surface
with JH = 0.2.
.
where Ncc(ω),Nff(ω),Nfc(ω) are local density of state
for conduction electron, local electron and the quantum
interference term of them, respectively. They are defined
by Ncc(ω) =
∑
k −
1
pi ImGcc(k, ω) =
∑
k[α
2
kδ(ω −
E+k )+β
2
kδ(ω−E
−
k )], Nff (ω) =
∑
k −
1
pi ImGff (k, ω) =∑
k[β
2
kδ(ω − E
+
k ) + α
2
kδ(ω − E
−
k )] and Nfc(ω) =∑
k −
1
pi ImGfc(k, ω) =
∑
k αkβk[δ(ω − E
+
k ) + δ(ω −
E−k )]. Also, two different tunneling amplitudes tc and
tf are introduced for conduction and local electrons. It
has been emphasized in literature that the ratio between
these tunneling paths has a strong influence in determining
the experimental lineshape of STM spectra,[54,55] thus
we show the corresponding spectra with different ratio of
tf/tc.
In Figs. 9,10 and 11, we have shown the STM spectra
for JH = 0.2, 0.291, 0.4. In practice, experimental tun-
neling results will be modified by the effects of disorder,
therefore a phenomenological quasiparticle elastic relax-
ation rate Γ = 0.01 has been introduced into the the-
Copyright line will be provided by the publisher
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Figure 10 The STM spectrum at Lifshitz transition point
JH = 0.291.
.
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Figure 11 The STM spectrum for two Fermi surface with
JH = 0.4
.
oretical calculation.[53] [More precise treatment can be
reached if Fermi liquid theory correction for quasiparti-
cle relaxation rate is considered although the existence of
Heisenberg interaction may complicate such issue.[55]] In
all cases, it is found that when tunneling is dominated by
the conduction electron path (tf/tc = −0.1), unambigu-
ous (lattice periodic) Fano lineshape appears which is con-
sistent with the measurement in the so-called hidden or-
der material URu2Si2 and quasi-two-dimensional heavy
fermion superconductor CeCoIn5.[11,13] Next, the clas-
sic Fano lineshape is broken by the quantum interference
with the local electron path when tf/tc increases. Finally,
the STM spectra are dominated by the tunneling of local
electron, which shows a large peak around Fermi energy
and is similar to the finding in Ref.[13]. Such peak reflects
the fact that there is no excitation gap in this two-band sys-
tem in contrast to the case with χ < 0, where both direct
(hybridization) and indirect gap appear in the spectra. It is
noted that when the electron Fermi surface emerges, the
two-peak or peak-dip-peak structure of single hole Fermi
surface evolves into a single peak. Physically, such behav-
ior is caused by filling more states around Fermi energy
due to the emergence of the electron Fermi surface. This
evolution is consistent with Ref.[54], where authors state
that the existence of a two peak structure in dI/dV as pre-
dicted in Ref.[53] is not a generic feature of heavy-fermion
materials. In our opinion, since only Kondo lattice model
is analyzed in Ref.[53], the neglect of possible Heisenberg
interaction, which however is crucial for fitting to the ob-
served energy band structure,[13,16] leads to the flaw in
the conclusion of Ref.[53].
6 Extension and discussion
6.1 On the normal state In the main text, we have
discussed the Fermi surface structure from the Kondo-
Heisenberg model with application to CeCoIn5. However,
we should mention that above the superconducting transi-
tion temperature, CeCoIn5 shows many anomalous behav-
iors strongly deviated from the prediction of Fermi liquid,
e.g. divergent specific heat and linear behavior of resis-
tance over temperature.[57] The model considered in the
main text does not include such complexity.
If we want to treat those non-Fermi liquid effect,
Kondo-breakdown or spin-fluctuation mechanism should
be considered. In those theories, the system is assumed to
be close to certain quantum critical point and fluctuation
of gapless bosonic modes (from Kondo boson or antifer-
romagnetic order parameter fluctuation) leads to the non-
Fermi liquid-like correction to self-energy and thus results
in anomalous behaviors in thermodynamics and transport.
[57] When applied to specific materials like CeCoIn5, it is
still unknown whether those simplified theories are able to
describe the observed complicated phenomena.
6.2 On the London penetration depth In many
London penetration depth measurement of CeCoIn5,
power-law behavior deviated from the linear tempera-
ture dependence is observed and seems to violate the
explanation of usual d-wave superconductivity.[48,49]
Interestingly, such issue may be resolved by the idea
that the diamagnetic contribution to the superfluid den-
sity is indeed temperature-dependent, which reflects that
the effective mass is temperature-dependent as close to
the quantum critical point.[58] When isolating the dia-
magnetic contribution from the total superfluid density,
the paramagnetic contribution is found to have rather well
linear temperature-dependence due to nodal quasiparticle.
In our main text, we also find that our model calcula-
tion has linear temperature-dependence in low temperature
regime. This is because that the underlying normal state is
Fermi liquid-like, which automatically kills the anomalous
temperature-dependent effective mass and leaves the nodal
quasiparticle to be the only active actors.
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7 Conclusion In summary, we have studied the
topology of Fermi surface of Kondo-Heisenberg model.
The sign binding is uncovered, which prohibits the for-
mation of multi-Fermi surface structure. When bypassing
such difficulty with setting the local electrons dispersion
free, we have discovered the evolution of topology of
Fermi surface versus the short-ranged antiferromagnetic
interaction. Importantly, the obtained Fermi surface is
similar to the findings in spectroscopy experiments, thus
confirms the validity of our model calculation and argu-
ments.
Furthermore, we have provided the STM spectrum for
the discovered multi-Fermi surface system and have stud-
ied the physical quantities in the possible unconventional
superconducting state. The calculated results are well con-
sistent with existing experiments in heavy fermion super-
conductor CeCoIn5.
In addition, it is suspected that the multi-Fermi sur-
face structure may result from the band-folding effect of
preformed antiferromagnetic long-ranged order. However,
to our knowledge, the existing experimental data does not
provide explicit information for the antiferromagnetism
above the superconducting transition temperature. Both
the ARPES and STM results are well explained without
any putative magnetic long-ranged order.[9,10,11,12,13,
14,15,16] Therefore, it is still not clear whether the ob-
served multi-Fermi surface is the result of band-folding ef-
fect due to certain magnetic order.
We hope the present work may be helpful for under-
standing on the complicated Fermi surface topology of
heavy electron system and the corresponding anomalous
behaviors.
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8 Appendix In the main text, we have discovered the
sign binding in the Kondo-Heisenberg model, and it is in-
teresting to see whether such binding exists in other cor-
related many-body models. Surprisingly, we find that it is
indeed true at least in quantum XY and t − J-like models
in the framework of fermionic large-N method.[44,45,59,
60] In this Appendix, we take the simplest 1D quantum XY
model as an example to check it. The model is defined by
H = t
∑
i
[σxi σ
x
i+1 + σ
y
i σ
y
i+1]
Then, using the same large-N treatment as in the main text,
we obtain the following mean-field Hamiltonian,
H = t
∑
kσ
[ǫkf
†
kσfkσ ] + tχ
2
and ǫk = −tχ cos(kx). Next, the only mean-field equation
reads
χ =
∑
k
cos(kx)fF (ǫk).
If we only focus on the zero temperature limit, the
above equation can be analytically solved, which gives the
simple result χ = sgn(t)/π. This confirms that the sign
binding is true in this simplest 1D quantum XY model.
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